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Abstract

IL-4 drives expansion of Th2 cells that cause generation of alternatively activated macro-

phages (AAMs). Filarial infections are established early in life, induce increased IL-4 produc-

tion are co-endemic with tuberculosis (TB). We sought to understand, therefore, how

mycobacteria are handled in the context of IL-4-induced AAM. Comparing IL-4 generated in

vitro monocyte derived human AAMs to LPS and IFN-γ generated classically macrophages

(CAMs), both infected with mycobacteria (BCG), we demonstrated increased early BCG

uptake and increased IL-10 production in AAMs compared to CAMs. We further demon-

strated that increased IL-10 production is mediated by upregulation of tumor progression

locus 2 (TPL-2), an upstream activator of extracellular signal related kinases (ERKs) in

AAMs but not in CAMs, both at the transcript as well as the protein level. Pharmacologic inhi-

bition of TPL-2 significantly diminished IL-10 production only in BCG-infected AAMs. Finally,

we validated our findings in an in vivo C57Bl/6 model of filarial infection, where an exagger-

ated Th2 induced lung-specific alternative activation led to TPL-2 and IL-10 upregulation on

subsequent TB infection. These data show that in response to mycobacterial infection, IL-4

generated AAMs in chronic filarial infections have impaired immune responses to TB infec-

tion by increasing IL-10 production in a TPL-2 mediated manner.
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Introduction

Filarial and other tissue invasive helminths have a widespread geographic distribution and affect

more than 2 billion people in low-income, resource-limited areas of the world [1]. Exposure to

these multicellular parasites often occurs early (in life) and repeatedly in most endemic areas

[2]. These infections are characteristically chronic (as the lifespan of the adult parasites are often

decades long). From an immunologic perspective in humans, early infection is characterized by

a mixed Type1/Type2 response whose balance is altered at the time of patency (when egg laying

or microfilariae appear) such that there is an expansion of IL-4 mediated Th2 responses [3, 4]

which, over time, is modulated. Such modulation reflects an IL-10-dependent impairment of

antigen-specific CD4+ T cell responsiveness. [3, 4] The expansion of Th2 cells (and the IL-4

produced) can, in turn, have profound effects on host monocytes and macrophages that result

in systemic [5] as well as lung-specific alternative monocyte-macrophage activation [6–8].

Because helminth-endemic areas of the world are commonly co-endemic for Mycobacte-
rium tuberculosis (Mtb) [9], the causative agent of tuberculosis, and because [10] macrophages

are among the first lines of defense against Mtb [11] that may also determine the final outcome

of the immune response to Mtb [12, 13], the state of activation of the macrophage becomes

critical in the early containment of Mtb. Indeed, IFN-γ induced classical macrophage activa-

tion appears to be essential for mycobacterial killing through the induction of nitric oxide pro-

duction and related reactive nitrogen intermediates (RNI) by macrophages through the action

of inducible nitric oxide synthase (iNOS) [14]. In contrast, helminth infection-generated IL-4

induced, arginase (ARG-1) expressing alternative macrophage activation has been shown in

murine systems to lead to impaired mycobacterial immunity [15].

In humans, however, the characterization of these macrophages has proved challenging,

with inconsistent expression of iNOS and ARG-1 [16–18]. Additionally, the nature of the

phagocytic activity and the responses of these macrophages against mycobacteria are not well

defined.

Using cell surface markers of alternative macrophage activation [16, 17], we first sought to

characterize the properties of human alternatively activated macrophages (AAM) and then

compared these to classically activated macrophages (CAM) with particular emphasis on

mycobacterial-induced responses. Our data provide strong evidence that human AAMs show

enhanced susceptibility to mycobacterial infection, a susceptibility that was associated with the

production of IL-10. In addition, we show that the mycobacterial induction of IL-10 is regu-

lated by an IL-10 dependent feedback loop involving the MAP kinase kinase kinase tumor pro-

gression locus 2 (TPL-2). These findings were then confirmed in an in vivo murine model of

filarial/Mtb co-infection in which we demonstrate that lung-specific alternative activation

leads to a similar TPL-2-dependent IL-10 response.

Materials and methods

mf and BCG

Live B. malayi mf were obtained from the peritoneal cavities of infected gerbils (Meriones
unguiculatus) or infected blood from cats under contract from the University of Georgia, Ath-

ens, GA. Wild type BCG strain Pasteur and BCG strain labeled with red fluorescent protein

DsRed (BCG-RFP) were grown, quantified and stored as previously described [19].

Cell cultures and infection

Healthy donor monocytes were cultured at 50 × 106 per 6-well plate in serum-free media for 2

h, after which the medium was removed and complete media [RPMI 1640 medium

Macrophage mycobacterial IL-10 response
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(BioWhittaker) supplemented with 20 mM glutamine (BioWhittaker), 2% heat-inactivated

human AB serum (Gemini Bioproducts), 100 IU/ml penicillin, and 100 g/ml streptomycin

(Biofluids, Inc.)] was added. Monocytes were then cultured for 7 days with rhMCSF (50 ng/

ml) (PeproTech Inc.), to generate macrophages. Subsequently, macrophage polarization was

performed culturing with recombinant human IL-4 (rhIL-4; 50 ng/ml) for AAMs) or with LPS

(1 μg/ml) (InvivoGen)/IFN-γ (20 ng/ml) for CAMs for 48 hours. For mf-activated macro-

phages, cells were exposed to live mf (50,000 per well) as previously described [20]. After 48h,

the cells were harvested with Versene/EDTA (Biofluids Division, BioSource International),

washed twice with phosphate-buffered saline (PBS; without Ca2+/Mg2+), counted by trypan

blue exclusion. The average yield was 5X105-1X106 macrophages/condition. Cells were then

re-cultured with live BCG at a multiplicity of infection (MOI) of 5. Cell and supernatant har-

vest was performed at 24 hours following exposure to infection with BCG for cytokine mea-

surement. In another set of experiments, timed cell and supernatant harvest was performed

pre-infection and 1, 4,6,18 and 24 hours post infection with BCG for both CAMs and AAMs.

RNA preparation and real-time RT-PCR

Total RNA was prepared from 8 to 12 independent donors using an RNAEasy minikit (Qia-

gen). RNA (1 μg) from the cells was used to generate cDNA and then assessed by standard

TaqMan assays (Applied Biosystems Inc.) as described previously [21]. The threshold cycle

(CT), defined as the PCR cycle at which a statistically significant increase in reaction concen-

tration is first detected, was calculated for the genes of interest and the 18S control and used to

determine relative transcript levels.

Relative transcript levels were determined by the formula 1/ΔCT, where ΔCT is the differ-

ence between the CT of the target gene and that of the corresponding endogenous 18S

reference.

Western blot analysis for TPL-2 detection

Adherent cells were collected and RIPA lysis buffer (Santa Cruz Inc) was added to the cells.

Cell lysates were boiled for 5 minutes; 25μL protein was run on a 1.5-mm 4% to 12% Tris gel

and transferred onto PVDF membranes. After blocking using 5% nonfat milk for one hour,

the membranes were incubated overnight at 4˚C with either an antibody that detects an C-ter-

minal epitope of TPL-2 (Cot [M-20], catalog # sc-720, Santa Cruz INC. with 1:500 dilution) or

with rabbit anti- GAPDH (catalog # sc-25778, Santa Cruz INC. with 1:500 dilution). After

washing, the membranes were incubated with HRP-conjugated anti—rabbit IgG (catalog # sc-

2030, Santa Cruz INC. with 1:1000 dilution) at room temperature for 2 hours. The proteins

were detected by chemiluminescence (luminol reagent, catalog # sc-2048, Santa Cruz INC).

GAPDH was used as an internal control because of low background detection and a molecular

weight distinct from the protein of interest in this study.

Inhibition of IL-10 production using TPL-2 inhibitor

Increasing concentrations of the competitive TPL-2 inhibitor (4-(3-Chloro-4-fluorophenyla-

mino)-6-(pyridin-3-yl-methylamino)-3-cyano- [1,7]-naphthyridine, C21H14ClFN6, EMD

Millipore) were performed to determine the 50% inhibitory concentration (IC50) in AAMs

and CAMs cell cultures for inhibition of IL-10 production. Following the experimental design

mentioned above, BCG infected cells were treated with Tpl-2 inhibitor along with the same

concentrations of vehicle (DMSO) used in parallel as controls. Supernatants were harvested at

24 hours post-infection for measurement of IL-10 by Luminex™.

Macrophage mycobacterial IL-10 response
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Quantifying western blot analysis

ImageJ (National Institutes of Health [NIH, Bethesda, MD] http://rsb.info.nih.gov/ij/) was

used to quantify the intensity of the bands in the immunoblots.

Cytokine and chemokine measurement

Cytokines (IL-6, IL-10, IL-12p40, IL-1α, IL-1β, and tumor necrosis factor alpha [TNF-α])

were assessed using a Milliplex Max human cytokine panel (Millipore, Billerica, MA). The

minimum detectable concentration for the analytes was 3.2 pg/ml. For samples below the min-

imum detectable concentration of the assay, the value of 1 was assigned for analysis.

Flow cytometry

Cell harvest and staining for flow cytometry was performed according to previously described

protocols [22]. Analysis was performed using a FACSCanto II flow cytometer with FACSDiva

software v.6 (Becton Dickinson). Antibodies used were fluorescein isothiocyanate (FITC)-con-

jugated mouse anti-human CD206 (BD Pharmingen) and APC-eFluor1 780 conjugated

mouse anti-human CD14.

Data were collected and analyzed using Flow Jo software (TreeStar Inc).

Imagestream acquisition and analysis for assessment of mycobacterial

uptake

Bacterial uptake was assessed using ImageStreamX Mk II (Amnis Corporation, Seattle, WA,

USA). A 60x magnification was used for all samples. We harvested the AAMs and CAMs after

3 hours of infection with RFP labeled BCG at 5 MOI. A minimum of 10,000 cells were ana-

lyzed for each sample. Data analysis was performed using the IDEAS software (Amnis Corpo-

ration). A compensation matrix was generated using singly stained samples. The compensated

data were then gated using the following approach. First, cells that were not in the field of

focus were eliminated using Gradient RMS vs. Area features; next, macrophages were distin-

guished from free bacteria using the features of symmetry vs. circularity. Gating was then per-

formed on RFP positive cells to identify macrophages associated with bacteria. The IDEAS

software utilizes a feature called “Delta Centroid” that can accurately assess the distance

between the center of two fluorescent probes and this feature was used to assess the distance

between the center of the cell and the RFP labeled bacteria. An automated, standardized assess-

ment of cells with internalized bacteria could therefore, be performed.

Animals

C57BL/6 mice were purchased from Taconic Farms (Germantown, NY). Housing and breed-

ing of all animals was done at the Association for the Assessment and Accreditation of Labora-

tory Animal Care-approved facility at the National Institute of Allergy and Infectious

Diseases/National Institutes of Health according to the National Research Council Guide for

the Care and Use of Laboratory Animals. All animals were maintained in AALAC-accredited

BSL3 facilities at the NIH.

Mycobacterial and filarial infections of mice. Live B. malayi mf were obtained and puri-

fied as described above and intravenous injection of ~2.5X105 mf was performed in the tail

vein. For co-infection experiments, a total of 24 mice were utilized 19 mice were used for dif-

ferent infection experiments and 5 remained as uninfected controls.14 of 20 mice were initially

made microfilaremic by i.v. injection in the tail vein. After 3 weeks, 9 of 14 mice were infected,

using a previously well-established infection protocol [23]with ~100 CFU of the H37Rv strain

Macrophage mycobacterial IL-10 response
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of M. tuberculosis (Mtb) in a nose-only aerosol machine (CH Technologies) to generate filaria-

Mtb co-infected mice (mf/Mtb) whereas the remaining 5 continued to be Mf positive (but

Mtb-uninfected). Mtb infection in mf-unexposed mice was also performed in 5 mice. 4 weeks

later, tissue harvest was performed in all four groups of mice (mf/mtb, mf and Mtb and unin-

fected controls).

Lung tissue harvest for qRT-PCR. Tissue harvest and RNA extraction for qRT-PCR was

performed according to previously published protocols [8, 24, 25]

Microarray methods

RNA quality. Quantitation was performed using a NanoDrop spectrophotometer and

quality assessment was determined by RNA Nano LabChip analysis on an Agilent BioAnalyzer

2100.

One hundred nanograms of total RNA was processed for hybridization to Affymetrix

Mouse Gene ST 1.0 microarrays using the Affymetrix GeneChip Whole Transcript Sense Tar-

get Labeling Assay Manual (http://media.affymetrix.com/support/downloads/manuals/wt_

sensetarget_label_manual.pdf).

The signal amplification protocol for washing and staining of eukaryotic targets was per-

formed in an automated fluidics station (Affymetrix FS450) using Affymetrix protocol

FS450_0007. The arrays were scanned in the GCS3000 laser scanner with autoloader and 3G

upgrade (Affymetrix). Quality assessment of hybridizations and scans was performed with

Expression Console software (Affymetrix).

Statistics

Data analyses were performed using GraphPad PRISM (GraphPad Software, Inc., San Diego,

CA, USA). Median frequencies were used for measurements of central tendency. Statistically

significant differences within groups were assessed by nonparametric Wilcoxon matched pairs

signed rank test and between two groups were analyzed using the nonparametric Mann-Whit-

ney U test. Kruskal-Wallis test with Dunn’s Multiple Comparison test was used for compari-

son among multiple groups.

Microarray statistical analysis. Partek Genomics Suite was used for detailed statistical

analysis of microarray data. The RMA (Robust Multi-chip Average) Algorithm was used for

background correction, normalization, and summarization of probes. Analysis of Variance

(ANOVA) with linear contrasts was performed to generate p-values and fold changes; numer-

ous plots (PCA, Volcano, Interaction, Dot, etc.); and creation and querying of gene lists.

Study approval

CD14+ peripheral blood-derived monocytes were isolated from Leukopaks from healthy

donors by counterflow centrifugal elutriation through Institutional Review Board (IRB)-

approved protocols from the Department of Transfusion Medicine (Clinical Center, National

Institutes of Health [NIH], Bethesda, MD). Mice were used according to an animal study pro-

posal approved by the National Institute of Allergy and Infectious Diseases Animal Care and

Use Committee.

Results

Characterization of human AAMs

We first sought to delineate the unique characteristics of IL-4 generated AAMs compared to

the LPS/IFN-γ generated CAMs. Although we were unable to detect consistently the

Macrophage mycobacterial IL-10 response
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expression of either iNOS or ARG1 by qRT-PCR in either of these 2 macrophage subsets (data

not shown), we were able to demonstrate by consistent expression of CCL13 by AAMs

(median 1/ΔCT = 0.06) compared to CAMs (median 1/ΔCT = 0.04, p = 0.02), (Fig 1a) though

not of CCL17, CCL18, CCL22 or of IL-18,PDCDL1G, CD274, CLEC10A, CADH1 and CD274

(data not shown). Using flow cytometry, we next measured the expression of the mannose

receptor (CD206), a well characterized marker of alternative activation, on the cell types gener-

ated by M-CSF (Mφs), IL-4 (AAMs) or LPS/IFN-γ (CAMs) by flow cytometry after gating ini-

tially on CD14+ cells (Fig 1b) and noted a significant increase in the frequency of cells

expressing CD206 in the AAMs (median frequency [Fo] = 4.2%) compared to Mφs [Fo] =

0.72% or CAMs [Fo] = 0.13%, p = 0.03 (n = 8 donors). In addition, we assessed the pattern of

cytokine production in supernatants and found no differences in IL-6, TNF-α, IL-12p40, IL-1

α, IL-1β or IL-10 levels between AAMs and CAMs (Fig 1c).

AAMs, when compared to CAM show increased mycobacterial uptake

To assess uptake capabilities of the differentially polarized macrophages we harvested the

AAMs and CAMs after 3 hours of infection with RFP labeled BCG at 5 MOI. Uptake was only

Fig 1. At baseline AAMs have increased CD206 (Mannose receptor) expression compared to CAMs. Panel a: Relative mRNA

expression of previously defined AAM-specific marker (CCL13) expressed as 1/ΔCt, was compared between alternatively activated

macrophages (AAMs) and classically activated macrophages (CAMs). Individual dots representing each subject. Horizontal bars represent

median. Panel b: Representative plots showing CD206 (Mannose Receptor) expression (y-axis) compared on CD14+ cells (x-axis) between

M-CSF,IL-4 (AAM) and LPS/IFN-γ (CAM) by flow cytometry Panel c:total cytokine production (IL-6, IL-10, IL-12p40, IL-1α, IL-1β, and tumor

necrosis factor alpha [TNF-α]) in pg/ml is compared between AAM and CAM conditions. Cells were cultured with recombinant human IL-4

(rhIL-4; 50 ng/ml) for AAMs) or with LPS (1 μg/ml)/IFN-γ (20 ng/ml) for CAMs for 48 hours. Individual dots representing each subject.

Horizontal bars represent median.

https://doi.org/10.1371/journal.pone.0179701.g001
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assessed on cells with>90% viability using ImageStreamX Mk II from Amnis Corporation.

Utilizing the gating strategy (described above in Methods, Fig 2a), the delta centroid feature

provided a consistent estimate of percentage of cells with internalized bacteria (Fig 2b. As

shown in Fig 2c, AAMs had a higher percentage of cells (median = 45%, minimum 43% and

maximum 52%) with internalized bacteria compared to CAMs (median = 31%, minimum

30% and maximum 36%), p = 0.02.

BCG infection decreases CCL13 expression and increases IL-10

production in AAMs but not in CAMs

We then sought to determine functional changes in response to BCG in AAMs and CAMs.

Expression of the chemokine CCL13 after exposure to BCG was decreased compared to base-

line in AAMs (median 1/ΔCT post BCG = 0.04, p = 0.007) but not in CAMs (median 1/ΔCT

post BCG = 0.041) (Fig 3a). In addition, there was an approximately five fold increased net

production of IL-10 was noted in AAMs (median net concentration = 1043 pg/ml) compared

to CAMs (median net concentration = 214.5 pg/ml) (p = 0.01) on exposure to BCG. No differ-

ence was seen between the two macrophage subsets in the production of the other cytokines

(Fig 3b).

To determine whether the increase in IL-10 after BCG infection was purely an effect of IL-4

generated AAMs or whether similar increase in IL-10 could also be elicited in macrophages

pre-exposed to filarial parasites, M-CSF generated macrophages were cultured for 48 hours

with mf of B.malayi alone or mf with IL-4 and contrasted the net production of IL-10 in these

two conditions post-BCG with LPS/IFN-γ generated CAMs. While no differences were seen

between mf polarized macrophages (median net concentration = 341 pg/ml) and CAMs

(median net concentration = 214.5 pg/ml), we found a similar pattern of increased IL-10 pro-

duction in the mf+IL-4 condition (median net concentration = 997.6 pg/ml) compared to

Fig 2. AAMs show increased BCG uptake compared to CAMs using ImageStreamX. Panel a shows sequential gating strategy for

assessing bacterial internalization within the cell. Cells that were in the field of focus were defined using Gradient RMS vs. Area features;

next, plotting symmetry vs. circularity distinguished macrophages from free bacteria. Gating was then performed on RFP positive cells to

identify macrophages associated with bacteria. Delta Centroid feature was used to assess the distance between the center of the cell and

the RFP labeled bacteria to assess internalization. Panel b: representative images showing reproducibility and accuracy of internalization

assessment using the above gating strategy. Three different examples of RFP labeled bacteria internalized (left panel) within macrophages

vs. remaining external (right panel) are shown. Panel c: Graph comparing median percentage of cells internalizing bacteria (for n = 12

donors) using above strategy in AAMs (grey column) vs. CAMs (black column).

https://doi.org/10.1371/journal.pone.0179701.g002
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CAMs, p = 0.04(Fig 3c), suggesting that the increased IL-10 production seen after BCG infec-

tion was a phenomenon specific to IL-4 rather than parasite generated induced alternative acti-

vation of macrophages.

Increased IL-10 production in response to BCG occurs in AAMs by TPL-

2 dependent mechanism

To elucidate the mechanism of BCG infection induced increase in IL-10 production in the

AAMs but not in the CAMs, the pre-infection IL-10 production (using Luminex™) and the rel-

ative mRNA expression (using qRT-PCR) of the important adaptor molecules involved in IL-

10 regulation was contrasted with responses at 1,4,6,18 and 24 hours post infection within

CAMs and AAMs. As shown in Fig 4a we noted an early (at 4hrs) and sustained increase in

IL-10 production all donors (n = 6) in AAMs but not CAMs. Furthermore, as shown in S1

Table), an approximately 5-fold increased Toll-like Receptor 2 expression was noted in AAMs

at 24 hrs. following BCG infection. No differences were seen between pre and 24 hr.-post

infection time points for expression of the important molecules involved in Toll-like receptor

(TLR) activated pathways of IL-10 production such as myeloid differentiation primary-

response protein 88 (MYD88), extracellular signal regulated kinase (ERK), nuclear factor-κB

(NF-κB) or p38 mitogen-activated protein kinases.

Fig 3. AAMs compared to CAMs show decreased CCL13 expression and increased IL-10 production post BCG infection.

Increased post-BCG IL-10 production was not seen in B. malayi microfilaria (mf) polarized macrophages. Panel a shows change in

relative mRNA expression of CCL13 from baseline to 24 hrs. post BCG infection expressed as 1/ΔCt in AAMs on the left panel and CAMs on

the right panel. Individual lines represent each subject. Panel b: Net cytokine production (IL-6, IL-10, IL-12p40, IL-1α, IL-1β, and TNF-α)

post BCG infection in pg/ml is compared between AAM and CAM conditions. Box and whisker plots represent median with 95% confidence

intervals and individual dots representing each subject. Panel c: Net IL-10 production post BCG infection (measured in pg/ml) compared

between mf polarized, mf+IL-4 polarized and CAMs. Box and whisker plots represent median with 95% confidence intervals and individual

dots representing each subject.

https://doi.org/10.1371/journal.pone.0179701.g003
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The expression of proteins involved in signal transducer and activator of transcription 3

(STAT3) dependent, IL-10 induced positive and negative feedback loops, dual specificity pro-

tein phosphatase 1 (DUSP1) and tumor progression locus 2 (TPL-2), respectively was exam-

ined next. Although, there was significantly decreased DUSP1 expression noted in CAMs post

infection (S1 Table), an early and sustained relative upregulation of TPL-2 (Fig 4a) was seen in

AAMs (p = 0.03 at 1,4,6 and 24 hours). This was associated with a relative upregulation of

STAT3 at 24 hrs. following BCG infection in AAMs (p = 0.03) but not CAMs. As shown in Fig

4b, a significant increase in the level of TPL-2 protein was also detected by immunoblot at 24

hours following BCG infection in AAMs (median relative density pre-infection of 1.68 vs.5.71

post-infection, p = 0.03) but not in CAMs (median relative density pre-infection of 2.5 vs.3

post-infection), Finally, to determine the functional relationship between TPL-2 overexpres-

sion and IL-10 production by these macrophages, a competitive pharmacologic inhibitor of

TPL-2 (C21H14ClFN6), was utilized, which displays significant selectivity for TPL-2 over other

Fig 4. Increased IL-10 production in AAMs but not CAMs in is mediated by TPL-2. Panel a: Left panel (top and bottom) shows kinetics

of net IL-10 production in AAMs and CAMs (in pg/ml) starting from pre BCG infection time point (pre-Inf) to 1, 4,6,18 and 24 hrs. post BCG

infection. Middle panel shows relative mRNA expression of TPL-2 at the same time points, expressed as 1/ΔCt in AAMs and CAMs. Right

panel shows relative mRNA expression of STAT3, expressed as 1/ΔCt in AAMs and CAMs. Vertical bars represent median relative

expression Panel b: Whole cell extracts of AAMs and CAMs, generated at pre BCG infection and at 24hrs post infection were analyzed by

immunoblotting with anti-TPL-2 antibodies utilizing anti-GAPDH as control (top panel). Bottom pane shows change in relative TPL-2 band

density in AAMs vs. CAMs as assessed by ImageJ software comparing pre BCG infection time point (Preinf) with 24 hrs. post BCG infection

(24hr). Panel c: Net IL-10 production (in pg/ml) is shown in AAMs and CAMs cultured with BCG alone for 24 hrs. or BCG and TPL-2 inhibitor

(C21H14ClFN6) at 500nM (IC50). Individual dots representing each subject. A total of 12 subjects were analyzed for experiments in 4a, b and c.

https://doi.org/10.1371/journal.pone.0179701.g004

Macrophage mycobacterial IL-10 response

PLOS ONE | https://doi.org/10.1371/journal.pone.0179701 June 28, 2017 9 / 16

https://doi.org/10.1371/journal.pone.0179701.g004
https://doi.org/10.1371/journal.pone.0179701


related kinases [26]. When BCG infected cells were cultured with 500nM of TPL-2 inhibitor

(Fig 4c), the median percent inhibition of IL-10 production was 61.8% in AAMs and 27.8% in

CAMs (p = 0.03).

In vivo studies provide confirmation of alternative activation in filarial

infection and show increased expression of TPL-2 associated with IL-10

upregulation

Given the lack of a permissive murine model of chronic filarial disease, we sought to confirm

our in vitro findings at the tissue level in the C57BL/6 mouse model by establishing sustained

microfilaremia for 7 weeks. We first measured mRNA expression of T-helper 1 (Th1) cyto-

kines-IFN-γ and TNF-α and T-helper 2 (Th2) cytokines-IL-5 in the harvested lung tissues of

the four different groups of mice—uninfected, microfilaremic only (mf), Mtb-infected only

(Mtb) and co-infected mice that received Mtb infection three weeks after establishing microfi-

laremia (mf/Mtb). As expected, the Mtb group showed increased lung-specific relative expres-

sion of Th1 cytokines IFN-γ and TNF-α compared to both uninfected and mf (data not

shown) groups. This was associated with increased iNOS-the marker defining murine macro-

phage classical activation. The reverse was seen in the mf group that showed an increase in IL-

5 expression compared to uninfected and Mtb groups. Expression of macrophage markers of

alternative activation (Chil3 chitinase-like 3, YM-1 and Mannose receptor, CD206) were

increased in the mf group.

Interestingly, the mRNA expression profile in the mf/Mtb group mirrored that of the Mtb

group both in terms of Th1 cytokine as well as markers of classical activation. Analysis of lung

microarray data using the ANOVA data sheet created in Partek Genomics Suite demonstrated

the highest expression of TPL-2 in the mf/Mtb group (fold change over uninfected con-

trol = 1.46, p = 0.00005). This was associated with increased IL-10 expression and was similar

to our in vitro findings where we saw increased TPL-2 expression in mycobacteria infected

AAMs. As before, when the fold increase in expression (compared to uninfected group), of

the important molecules involved in TLR activated pathways of IL-10 regulation were con-

trasted between mf/Mtb and the Mtb group, similar increases were noted in both groups for

TLR2, MyD88, Nucleotide-binding oligomerization domain-containing protein 2 (NOD2)

and TNF receptor-associated factor 3 (TRAF3) (S2 Table). Decreased expression of Dual speci-

ficity protein phosphatase 1 (DUSP1), which is involved in the negative feedback loop for IL-

10 production was noted in both groups. Despite increased TPL-2 expression there was no dif-

ference in mycobacterial load or lung pathology between the Mtb and mf/Mtb groups.

Discussion

Macrophages are the first line cell defense against intracellular pathogens such as mycobacte-

ria. It is now recognized that these cells exhibit considerable plasticity and their responses can

be modulated by the ambient cytokine milieu. Chronic helminth infections (exposure to

which occurs early in life in most endemic countries) lead to expansion of IL-4 mediated

AAMs. Using a previously well characterized in vitro system of monocyte to macrophage dif-

ferentiation [17] our study examines the differences in responses to mycobacteria by human

AAMs (compared to CAMs) and show that AAMs are more susceptible to mycobacteria and

produce increased amounts of mycobacterial-induced IL-10, a response enable by the activa-

tion of a positive feedback loop mediated by TPL-2. These findings were also paralleled in

studies of Mtb/filarial co-infection in an in vivo mouse model.

Alternative macrophage activation has been defined differently in different studies, prompt-

ing a need for using standardized definitions [27]. We defined IL-4 polarized macrophages as
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alternatively activated in keeping with the original definition [28] and especially as chronic

established filarial infections lead to expansion of IL-4 producing CD4+T cells [29]. This in

turn, leads to alternative monocyte-macrophage activation [5]. Classical macrophages acti-

vated by a cytokine such as IFN-γ have been shown, historically, to produce pro-inflammatory

cytokines such as IL-12 and IL-23 [30]. However, we saw no differences in baseline cytokine

production between the two macrophage subsets in our in vitro system that might possibly

reflect differences in activation conditions between the use of LPS/IFN-γ (used in the current

study) and those driven by IFN-γ alone [31]. In addition, we found no differences in mRNA

expression of ARG-1 and NOS-2 between human AAMs and CAMs (data not shown) consis-

tent with what has been reported previously [16, 17].

Human AAM-specific chemokine and activation markers that have been previously charac-

terized [17], but our data showed that CCL13 and CD206 were most often the major defining

specific biomarkers of alternative activation. Exclusive CD206 expression AAMs in agreement

with prior studies that have shown this receptor as consistently overexpressed in both human

and mouse systems of IL-4 induced alternative activation [27, 32]. Interestingly, on exposure

to BCG there was significantly diminished mRNA expression of CCL13, a potent chemokine

known to attract CCR3+ cells such as eosinophils, Th2-lymphocytes, basophils. This finding is

consistent with the our understanding of macrophage plasticity in which one or more func-

tional properties of a particular macrophage phenotype can be altered following responses to

different stimuli [33].

In this study we also established a standardized automated method for assessing mycobacte-

rial uptake using ImageStreamX technology. This technique enables assessment of fluorescent

protein labeled bacterial uptake in specific cell populations defined by flow cytometry using

the “Delta Centroid” feature that provided accurate assessment of the uptake of RFP labeled

bacteria. We saw increased mycobacterial uptake in AAMs but not CAMs. One of the possible

explanations for this phenomenon could be up-regulation of the mannose receptor [34, 35] by

AAMs, a receptor utilized by Mtb to gain entry into macrophages [36]. Engagement of the

mannose receptor by Mtb has also been implicated in mycobacterial host evasion through

upregulation of PPARγ expression [37] and by limiting phagosome-lysosome fusion [38].

There is no data available for differences in expression between AAMs and CAMs of other

receptors like Complement receptor, surfactant protein A (SP-A) and SP-B, cholesterol in

plasma membrane. Dendritic Cell-Specific ICAM-3-Grabbing Nonintegrin (DC-SIGN)

expression is increased in macrophage cell lines in response to IL-4 [16]. This could be another

mechanism by which enhanced uptake of mycobacteria occurs in AAMs. We did not test

DC-SIGN expression in these experiments.

Increased bacterial survival has also been demonstrated in these AAMs due to IL-4- or IL-

13-induced abrogation of autophagy [39] and has been suggested as a means by which there is

increased mycobacterial survival. Our study also shows that IL-4 derived AAMs produce large

amounts of IL-10 in response to mycobacterial infection, a response that is IL-4-specific given

that this IL-10 upregulation was not seen following exposure to mf of B. malayi, a stimulus

which has been reported to favor alternative activation [20].

The exact role of IL-10 in the context of Mtb infection is still being defined. It is however,

well established that IL-10 blocks phagosome maturation [40] and production of reactive oxy-

gen and nitrogen intermediates, both of which facilitate Mtb survival and outgrowth [41, 42].

High levels of IL-10 have been found both in the blood and serum of human subjects with pul-

monary TB [43, 44] and reductions in bacterial load have now been shown in Il10−/− mice on

both the C57Bl/6 and BALB/c backgrounds as well as CBA/J mice that received sustained treat-

ment of Mtb infection in the presence of an anti-IL-10R monoclonal antibody [45]. Thus, it
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can be hypothesized that early exaggerated IL-10 production as seen in the AAMs would be

detrimental to pathogen clearance.

We also demonstrate that upregulation of the IL-10 activated feedback loop through

STAT3 and TPL-2 is the mechanism by which AAMs produce IL-10 in response to mycobac-

terial infection. Interestingly, we were unable to find any differences in the TLR dependent

MyD88 activated pathway of IL-10 induction between the two types of macrophages. The ser-

ine/threonine kinase TPL-2, also known as COT and MAP3K8, was independently discovered

in the 1990s and identified initially as an oncogene [46]. TPL-2 is an upstream activator of

ERK, and decreased ERK phosphorylation and IL-10 down-regulation has been shown previ-

ously in TPL-2-/- macrophages after TLR activation [47]. It has also been shown, that IL-10

induces a highly restricted number of genes (including TPL-2) involved in the MAP kinase

pathway in resting vs. activated macrophages [48] and a positive amplification loop in a

STAT3 dependent manner, possibly through upregulation of TPL-2 as was seen in our study

[49]. Finally, it was recently demonstrated that TPL-2/ERK-1/2 pathway was a positive regula-

tor of TNF-a, IL-10, and IL-1b following Mtb infection of Macrophages and that regulation of

IL-10 production through the TPL-2-ERK pathway and subsequent resistance to mycobacteria

might depend on the presence of Type I interferons [50].

In this study, we were able to successfully establish microfilaremia in a C57Bl/6 model and

demonstrate lung-specific upregulation of Th2 cytokine (IL-5) as well as previously well

described murine markers of alternative activation [51]. Subsequent infection with Mtb

resulted in a phenotype similar to Mtb infection alone with upregulation of Th1 cytokines and

iNOS and downregulation of Th2 cytokines and YM-1 and CD206 consistent with what has

been shown previously [15]. Although, the Th1 phenotype was dominant in the co-infected

animals and we also did not see any difference in overall bacterial loads (between Mtb and mf/

Mtb mice), our design might not be reflective of what might happen in the endemic setting

where there is a high likelihood of parasitic reinfection leading to altered lung pathology [15].

Nevertheless, we noted significant mf-induced alternative activation in the lungs of mf-positive

mice and significant IL-10 and TPL-2 upregulation in the lungs of the co-infected mice con-

firming our in vitro findings that background alternative macrophage activation leads to TPL-

2 dependent IL-10 upregulation in the lung on subsequent Mtb infection. Chronic persistent

helminth infection or reinfection may therefore lead to impaired mycobacterial immunity

through sustained AAM generation and increased IL-10 production.

Our study helps further the definition of parasite infection generated, Th2 cytokine induced

human alternative macrophage activation and defines a mechanism by which increased IL-10

production occurs in these cells after mycobacterial infection. These results have implications

for understanding TB protective immunity and TB vaccine design in endemic areas where hel-

minth infections are commonplace. Longitudinal studies of mycobacterial infection in blood

and tissue derived monocyte-macrophage populations in helminth-infected subjects along

with studies in animal models of chronic helminth infection are needed to further understand

the immunomodulatory effects of helminth infections on TB.

Supporting information

S1 Table. Median relative gene expression (measured by q-RT-PCR and expressed as l/ΔCt

xJ03l, of the important genes regulating IL-10 production in alternatively (AAM) and clas-

sically (CAM) activated macrophages. Pre-infection (Pre-Inf) with 24 hours post BCG infec-

tion time points are compared within each cell type. Increased TLR2 expression was seen in

AAMs (and decreased DUSP l expression was noted in CAMs (Wilcoxon matched pairs signed

rank test) Abbreviations: TLR, Toll-like Receptor; MYD88, Myeloid differentiation primary
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response gene 88;NFKB1, nuclear factor kappa-light-chain-enhancer of activated B cells;

MAPK14 (p38), P38 mitogen-activated protein kinases; MAPK3 (ERK-I), extracellular-signal-

regulated kinase l; MAPK l (ERK-2) extracellular-signal-regulated kinase 2;DUSPI, Dual speci-

ficity protein phosphatase l;GSK3B, Glycogen synthase kinase 3 beta; NOD2, Nucleotide-bind-

ing oligomerization domain-containing protein 2; TICAM I (TRIF),TIR-domain-containing

adapter-inducing interferon-β;TRAF3, TNF receptor-associated factor 3.

(DOCX)

S2 Table. Results of lung microarray comparing expression of the important genes regulat-

ing IL-10 production in filaria and Mycobacterium tuberculosis (Mtb) co-infected (mf/Mtb)

mice and mice receiving Mtb infection only (Mtb). Data is expressed as fold increase vs. con-

trol (uninfected) mice (using the ANOVA data sheet created in Partek Genomics Suite).

Increased TLR2, MyD88, NOD2 and TRAF3 expression with decreased expression of DUSP1

was seen in both groups while decreased ERK1 expression was noted in the mf/Mtb group

only. Mtb group showed increased expression of NFKB1. Abbreviations: TLR, Toll-like Recep-

tor; MYD88, Myeloid differentiation primary response gene 88;NFKB1, nuclear factor kappa-

light-chain-enhancer of activated B cells; MAPK14 (p38), P38 mitogen-activated protein

kinases; MAPK3 (ERK-1), extracellular-signal-regulated kinase 1; MAPK1 (ERK-2) extracellu-

lar-signal-regulated kinase 2;DUSP1, Dual specificity protein phosphatase 1;GSK3B, Glycogen

synthase kinase 3 beta; NOD2, Nucleotide-binding oligomerization domain-containing pro-

tein 2; TICAM1 (TRIF),TIR-domain-containing adapter-inducing interferon-β;TRAF3, TNF

receptor-associated factor 3.

(DOCX)
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